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Abstract. This research investigated the mechanical and thermal neutron attenuation 
properties of concrete reinforced with low-dose gamma irradiated polyethylene 
terephthalate (PETE) fibers. Low dose (20 – 60 kGy) gamma irradiated PETE fibers of 1.3 
and 25 denier size were uniformly mixed with concrete at 0.1%, 0.2%, and 0.3% volume 
fraction. The results showed that the fiber reinforced concrete (FRC) having 25 denier fibers 
provided higher compressive strength, flexural strength, and toughness than FRC with 1.3 
denier fibers. Moreover, addition of PETE fibers in the concrete enhanced thermal neutron 
attenuation; however, both fibers exhibited no significant difference in thermal neutron 
attenuation ability. In addition, this study investigated the effects of adding sodium borate, 
a boron-containing compound, in concrete mixed with PETE at various proportions. It was 
found that when sodium borate powder was added, the compressive strength of the concrete 
decreased, whereas the thermal neutron attenuation ability significantly increased with 
respect to sodium borate content. 
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1. Introduction 
 
Concrete is a widely used material nowadays, primarily 
in civil engineering works such as buildings, bridges, roads, 
and as a neutron shielding material in locations where 
neutron radiation is presented. Neutron particles 
produced by nuclear reactions are extremely harmful to 
living organisms because they can interact with hydrogen 
atoms that are the major component of living tissues. This 
will lead to free radical formations in the tissues and 
bloodstream as well as many negative effects that will 
follow from the body interacting with neutrons.  
Up to date, many researchers have innovated neutron 
shielding materials. Polyethylene terephthalate (PETE) 
fibers were applied as a reinforcing agent to enrichment 
concrete strength as well as to shield against slow 
neutrons. Khemngern et al. [1] intensified the 
indissolubility of PETE fibers in a concentrated basic 
solution characteristic of concrete (pH = 12) using low-
dose gamma radiation to convince crosslinking of the 
polymeric chains. Results demonstrated that gamma ray 
dose of only 30 kGy responded in the excellent molecular 
weight, tensile strength and degree of crystallinity of 
PETE fibers. The surface topology using SEM 
micrography were also appraised. An accelerated age 
testing exposed that these radiation-treated fibers will 
stabilize their mechanical strength in concrete for up to at 
least 60 months. Slow neutron attenuation test of fiber-
reinforced concrete (FRC) showed that the degree of slow 
neutron shielding increased with the addition of PETE 
fiber. Therefore, these FRCs can be utilized as an effective 
neutron shielding material for nuclear and radiation 
applications to enhance radiation safety.  However, the 
mechanical properties of PETE fiber reinforced concrete 
have not been reported.  
So far, the effect of boron carbide on radiation 
attenuation of cement composited has been studied. 
Grossman et al. [2], Abdo et al. [3], and Abdullah et al. [4] 
present composite concrete materials for neutron 
shielding by mixing boron carbide powder in concrete. 
Results revealed that the neutron shielding efficiency was 
higher with increasing amount of boron carbide powder, 
but the compressive strength decreased. Nyarku et al. [5] 
and Sarıyer et al. [6] mixed boron carbide and ferro-boron 
in concrete to fabricate a neutron shielding material. It was 
found that boron was an excellent low-energy neutron 
absorber, and iron acted to effectively reduce the energy 
of fast neutrons to become thermal neutrons before they 
were absorbed by boron. Thus, concrete mixed with 
boron and iron can be a very effective fast neutron 
shielding material [5, 6]. Kharita et al. [7, 8] studied 
incorporation of boron-containing materials into concrete 
as a radiation shielding material. Results indicated that 
mixing boric acid into concrete resulted in cement 
hardening problems. However, the use of up to 1% of 
boron compounds did not affect the mechanical 
properties of concrete materials. In addition, the 
fabrication of composite materials made from boron and 
carbon fibers produced in the form of sandwich have been 
introduced as a material for neutron shielding [9-13]. It 
was concluded that as the boron content increased, the 
neutron shielding capability of the material increased. An 
appropriate production process could also improve the 
material’s thermal stability [9, 11]. Therefore, boron is 
found to be effective for neutron shielding. Based on the 
literature, there is no study mixing sodium borate, which 
is one of boron compound, in concrete for neutron 
shielding.  
The present research introduced the composite 
concrete materials which can attenuate low-energy 
neutrons by incorporating polyethylene terephthalate 
(PET or PETE) fibers and sodium borate. Sodium borate 
was selected because it composes of inexpensive elemental 
boron, which exhibits high microscopic cross-section for 
neutron capturing, resulting in high neutron capturing 
capability. The mechanical properties and the ability to 
attenuate low-energy neutrons of PETE fiber reinforced 
concrete with and without sodium borate have been 
investigated. As no researcher has studied the low-energy 
neutron attenuation efficiency of composite concrete 
materials reinforced with PETE fibers and sodium borate 
as well as the mechanical properties, this study will provide 
new information for the scientific community that could 
be applied for practical uses. 
 
2. Materials and Methods 
 
2.1. Materials 
 
2.1.1. PETE fibers 
 
The preparation process of PETE fibers presented by 
Khemngern et al. [1] is adopted in this study. The PETE 
fibers were gamma irradiated at 40 kGy using Gamma 220 
Excel gamma cell with a cobalt-60 source at Thailand 
Institute of Nuclear Technology (public organization) 
with an absorbed dose rate of approximately 5 kGy/h and 
an irradiator temperature of approximately 40C. The 
properties of fibers are shown in Tables 1 and 2. Figures 
1 and 2 display the SEM micrographs of the irradiated 
PETE fibers at low gamma ray dose at 200X and 5,000X 
magnification, respectively. It can be observed from the 
SEM micrographs that the fibers did not degrade 
physically with low-dose gamma ray as the surface 
appeared smooth. 
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Table 1. Un-irradiated PETE fiber properties [1]. 
Property Value 
Density 1 1.37 g/cm3 
Glass transition temperature (Tg) 2 67 C 
Melting temperature 3 254.3 C 
Degree of crystallinity 3 39.68 
Number average molecular weight (MW) 4 22455 ± 196 g/mol 
1 Measurement operated at 25 C; 2 Operated using differential scanning calorimeter (DSC, Netzsch, DSC204F1) with 
temperature increasing rate of 10 C/min and temperature range of -100 to 300 C; 3 Operated using XRD (Bruker, D8 
Advance); 4 Measured using membrane osmometry method.   
 
Table 2. Irradiated PETE fiber properties. 
 
Name 
Size  
(Denier; D) 
Diameter 
(mm) 
Length  
(mm)  
Density at 25 C 
(g/cm3) 
Melting temperature  
(C) 
1.3D 1.3 0.014 
32 1.37 254.3 
25D 25 0.059 
 
  
Fig. 1. SEM micrograph of fibers (200X, 15 kV). Fig. 2. SEM micrograph of fibers (5,000X, 15 kV). 
 
Table 3. Mix proportions of concrete. 
 
Series Name 
Cement 
(kg/m3) 
Water 
(kg/m3) 
Fine 
aggregate 
(kg/m3) 
Coarse 
aggregate 
(kg/m3) 
Admixture 
(kg/m3) 
Fiber 
type 
Fiber 
content 
(%) 
Sodium 
borate 
(%) 
I 
OPC 465 200 697 999 2.33 - 0.0  
 
 
0.0 
 
1.3D-0.1 
465 200 697 999 4.65 
1.3D 0.1 
1.3D-0.2 1.3D 0.2 
1.3D-0.3 1.3D 0.3 
25D-0.1 
465 200 697 999 4.65 
25D 0.1 
25D-0.2 25D 0.2 
25D-0.3 25D 0.3 
II 
25D-0.0-B0.1 
465 200 697 999 4.65 
25D 0.0 
0.1 
25D-0.1-B0.1 25D 0.1 
25D-0.2-B0.1 25D 0.2 
25D-0.3-B0.1 25D 0.3 
25D-0.0-B0.2 
465 200 697 999 4.65 
25D 0.0 
0.2 
25D-0.1-B0.2 25D 0.1 
25D-0.2-B0.2 25D 0.2 
25D-0.3-B0.2 25D 0.3 
25D-0.0-B0.4 
465 200 697 999 4.65 
25D 0.0 
0.4 
25D-0.1-B0.4 25D 0.1 
25D-0.2-B0.4 25D 0.2 
25D-0.3-B0.4 25D 0.3 
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2.1.2. Concrete 
 
Table 3 summarized the mix proportion of concrete. 
The water-to-cement ratio was constant at 0.43 for all 
mixes. Ordinary Portland cement (Type 1), water, fine 
aggregate, coarse aggregate, and polycarboxylic ether-
based superplasticizers (PCEs) admixture were used in 
mixtures. The compositions of Portland cement comprise 
four mainly chemical oxides: 57.7% CaO, 23.6% SiO2, 
5.3% Al2O3 and 3.5% Fe2O3. The well-graded natural river 
sand with specific gravity of 2.64, dry-rodded unit weight 
of 1,664 kg/m3 and fineness modulus of 2.84 was used as 
fine aggregate. The coarse aggregate used in this study was 
crushed limestone with maximum aggregate size of 19 
mm. The weight of admixture was 0.5% by cement weight 
for concrete without fibers and 1.0% by cement weight for 
fiber reinforced concrete. As seen in Table 3, specimens 
are divided into 2 series. Series I consist of concrete 
specimens without sodium borate. The effect of sodium 
borate is investigated from the specimens in Series II. In 
this study, two sizes of irradiated PETE fibers, which were 
1. 3 denier (1.3D) and 25 denier (25D), were used. For 
both fiber sizes, the fiber volume was 0.1%, 0.2%, and 
0.3% of concrete volume as presented in Table 3. Sodium 
borate used in the experiments was deca-hydrated of 
Na2B4O7 with 0%, 0.1%, 0.2%, and 0.4% by cement 
weight. In Table 3, OPC denotes plain concrete without 
fiber. 1.3D-x denotes concrete with x% of 1.3 denier 
fibers and 25D-x-By denotes concrete with x% of 25 
denier fibers and y% of sodium borate.  
 
2.2. Concrete Casting 
 
The concrete was mixed using a pan mixer. For fiber 
reinforced concrete, concrete was firstly mixed, after that 
PETE fibers were dispersedly mixed into the fresh 
concrete. For the specimens in Series II, sodium borate 
was dry mixed with cement first, followed by the other 
ingredients. Then, fibers were added into flesh concrete. 
The specimens were demolded after 24 hour and cured in 
water for 28 days. The concrete specimens were removed 
from water and left for one day before performing the 
compressive test, flexural test, and neutron attenuation 
test.   
 
2.3. Specimens and Test Methods 
 
2.3.1. Properties of flesh and hardened concrete 
 
In order to measure the property of fresh concrete, 
slump tests were operated in accordance with ASTM C143 
[14] using a mould with an upper diameter of 100 mm, a 
lower diameter of 200 mm and height of 300 mm. 
Additionally, the mechanical properties of hardened 
concrete which are compressive strength, flexural strength, 
and toughness were determined. The compressive test was 
operated in accordance with ASTM C39 [15] for 
cylindrical specimens with 150 mm diameter and 300 mm 
height. The flexural test was operated according to ASTM 
C1609 [16] using concrete beams with dimensions 100 × 
100 × 350 mm3. The prismatic specimens were tested on 
a 300 mm span. Figure 3 presents a concrete specimen 
subjected to a bending test. In order to obtain a load–
deflection curve, a load cell was installed to measure the 
applied load and two transducers were used to measure 
deflections during the test. Results from the load–
deflection curves were used for calculating the flexural 
strength from Eq. (1) and toughness, which is defined as 
the area under the load–deflection curve from deflection 
of 0 to L/150 (= 2 mm.) [16].  
 
 
2
PL
f
bd
 (1) 
 
where f is flexural strength; P is maximum load; L is span 
length; b is width of specimen; and d is depth of specimen.  
 
 
 
Fig. 3. Flexural performance test of fiber reinforced 
concrete. 
 
2.3.2. Thermal neutron attenuation test 
 
The testing method for thermal neutron attenuation in this 
study is referred from Khemngern et al. [1].  Concrete 
specimens for the neutron attenuation test were in a 
cubical shape with the dimension on each side of 100 mm. 
In order to perform the test, a concrete sample was placed 
on a platform as illustrated in Fig. 4. High energy neutrons 
from a neutron source underwent thermalization by elastic 
collision with paraffin materials to become low energy 
neutrons before passing the concrete specimen. 241-
Americium-Berylium with the dose rate of 29.08 mR/h 
was used as the neutron source. A BF3 proportional tube 
was used to detect thermal neutrons passing through the 
specimen. Neutron attenuation can be calculated from Eq. 
(2). 
  
  

 %  100
I P
N
I
AT  (2) 
 
where NAT is thermal neutrons attenuation percentage; I 
is the number of thermal neutrons impinging on 
specimen; and P is the number of thermal neutrons 
passing through specimen. 
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Fig. 4. Thermal neutron attenuation test setup [1]. 
 
3. Results and Discussions 
 
3.1. Properties of PETE Fiber Reinforced Concrete  
 
3.1.1. Concrete slump  
 
Slump of the specimens in Series I is shown in Table 4. 
Results indicate that the slump decreased with the increase 
in fiber volume fraction. This occurs due to the fact that 
the inclusion of fibers increased the internal friction within 
the concrete, especially when the high content of fibers is 
used [17]. The concrete containing 0.3% 1.3D fibers 
showed the lowest workability, with 74% decrease in 
slump value than control concrete. However, the role of 
25D fibers with respect to concrete workability is not clear. 
The slump of concrete slightly increases with of 25D 
fibers up to 0.1%, then decreases with the fibers.  
 
3.1.2. Compressive strength  
 
The average compressive strengths from 3 replicated 
specimens are shown in Fig. 5. The results show that the 
compressive strengths slightly increase with the addition 
of PETE fibers. However, the addition of PETE fiber 
beyond 0.2% reduced the compressive strength. This is 
because the higher fiber content of PETE led the balling 
effect of fibers (agglomeration of fibers) as also observed 
in fiber reinforced concrete with other fiber types [18, 19], 
thus creating the weak zones in concrete. It should be 
noted that the smaller the fiber size (smaller diameter or 
shorter length), the higher the chances of fiber 
agglomeration [18]. This may explain why the compressive 
strengths of concrete reinforced with 25D fibers are 
greater than those of 1.3D fibers as seen from Fig. 5. 
 
3.1.3. Flexural strength and toughness  
 
Figure 6 illustrates the load-deflection curves of the 
flexural tests. The curves exhibit a linear characteristic up 
to the peak load, after which the load decreases with the 
increase in deflection. The softening behaviour of PETE 
fiber reinforced concrete can be captured as shown in Fig. 
6. It is observed that, in the post-peak behaviour of 
specimens with PETE fibers, the specimens can resist 
higher load compared to that of OPC at the same 
deflection. The values of average flexural strength 
calculated from 3 specimens are plotted in Fig. 7. The 
results indicate that incorporating 1.3D and 25D fibers at 
0.1% - 0.3% fiber content significantly increased the 
flexural strength of concrete compared to that of OPC. 
The clear tendency of the effect of fiber content on 
flexural strength could not be observed. This may be due 
to the small fiber size and low volume fraction used in this 
study. However, the flexural strength decreased when 0.3% 
of 25D were added because of the low concrete slump 
which results in the increase of voids inside concrete. 
Values of toughness at deflection of L/150 according 
to ASTM C1609 [16] are shown in Fig. 8. Although both 
fiber sizes can increase toughness compared to that of 
OPC, reinforcement of 1.3D fibers gives slightly lower 
toughness than 25D in 0.2% and 0.3% fiber contents. In 
addition, toughness of specimens with 1.3D are almost 
constant in spite of the fact that the fiber content of 1.3D 
increases. The most likely explanation is that the fiber size 
was very small (14 μm) and, thus, it did not increase the 
toughness when the volume fraction increased. On the 
other hand, toughness of specimen containing 25D fibers 
increase when 0.3% of fibers are used. 
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Table 4. Experimental results of specimens in Series I.  
 
Mixes 
Fiber 
type 
Fiber 
Content  
(%) 
Slump  
(cm) 
Compressive 
Strength 
(MPa) 
Flexural 
Strength 
(MPa) 
Toughness 
(N-m) 
Thermal 
neutrons 
attenuation* 
(%)  
OPC - 0.0 14.5 49.8 3.61 7.86 35.48 
1.3D-0.1 1.3D 0.1 11.3 52.3 4.83 13.49 44.05 
1.3D-0.2 1.3D 0.2 9.0 57.2 4.63 12.65 49.90 
1.3D-0.3 1.3D 0.3 3.7 49.3 4.88 12.61 56.24 
25D-0.1 25D 0.1 18.0 57.1 4.94 13.57 44.00 
25D-0.2 25D 0.2 8.5 62.7 4.95 13.39 50.10 
25D-0.3 25D 0.3 4.8 58.1 4.14 14.81 57.90 
*Khemngern et al. [1].  
 
 
Fig. 5. Compressive strength of concrete in Series I. 
 
 
Fig. 6. Load-deflection curves of plain concrete and PETE fiber reinforced concrete.  
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Fig. 7. Flexural strength of plain concrete and PETE fiber reinforced concrete  
 
 
 
Fig. 8. Toughness at deflection of L/150   
 
3.1.4. Proposed mixture for fiber reinforced neutron 
shielding concrete   
 
As shown in Table 1, the addition of radiation-treated 
PETE fibers significantly improves thermal neutron 
attenuation of concrete compare to that of OPC. This is 
because the hydrogen content in PETE fibers, which are 
composed of long hydrocarbon chains, is higher than that 
in OPC. As hydrogen is a very effective fast neutron 
moderator and thermal neutron absorber, by 
incorporating a material with higher hydrogen content, 
thermal neutron attenuation will be enhanced. In addition, 
it was observed that the degree of thermal neutron 
attenuation was slightly affected by the fiber size as a large 
fiber size resulted in marginally better thermal neutron 
shielding. This is most likely because large fibers exhibit 
more physical cross-sectional areas than smaller ones, so 
thermal neutron interaction was slightly enhanced [20].  
In conclusion, PETE fibers which were properly 
dosed with gamma radiation can be applied in reinforced 
concrete materials to be used as an effective neutron shield 
for radiation protection. However, when considering both 
mechanical properties and thermal neutron attenuation, it 
is suggested that 25D fibers are more suitable for using as 
fiber reinforced neutron shielding concrete since they 
provided higher compressive strength, flexural strength, 
toughness than 1.3D fibers. The 0.2-0.3% of 25D-PETE 
fibers are the optimal values of mix design for neutron 
shielding concrete.  
 
3.2. Properties of PETE Fiber Reinforced Concrete 
with Sodium Borate 
 
According to the results presented in previous chapter, 
25D fibers were selected to further investigate the effect 
of PETE fibers and sodium borate on the compressive 
strength of concrete and thermal neutron attenuation. Mix 
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proportions of concrete specimens in this chapter (Series 
II) are summarized in Table 3. The PETE fiber volume 
fractions were 0%, 0.1%, 0.2%, and 0.3%, and sodium 
borate was added at 0%, 0.1%, 0.2%, and 0.4% by cement 
weight. The results of specimens in Series II are discussed 
as follows:     
 
3.2.1. Compressive strength 
 
The compressive strength of PETE fiber reinforced 
concrete with sodium borate is demonstrated in Fig. 9. It 
was found that when adding sodium borate to the 
concrete, the compressive strength was reduced in all fiber 
contents. For example, the compressive strength of 
concrete mixture containing 0.1% 25D fibers decreased 
approximately 9%, 37% and 55% when 0.1%, 0.2% and 
0.4% of sodium borate were added, respectively. During 
the Portland cement hydration, sodium borate normally 
acts as retarder by: (1) preventing the growth of calcium 
silicate hydrate (CSH) [21]; and (2) inhibiting the 
crystallization of calcium hydroxide [22]. These 
mechanisms are responsible for low strength 
development. 
 
3.2.2. Thermal neutron attenuation  
 
The results of thermal neutron attenuation of concrete 
reinforced with PETE fibers and sodium borate are 
presented in Fig. 10. It is clear that the thermal neutron 
attenuation of the concrete increases with the addition of 
PETE fibers as well as the addition of sodium borate. 
Since the microscopic cross-section for thermal neutron 
absorption of boron (B-10) is 759 barns, whereas that of 
hydrogen (H-1) is 0.332 barn, the boron component (with 
natural enrichment) of sodium borate acts as a very 
effective thermal neutron absorber. From Fig. 10, plain 
concrete without PETE fiber and sodium borate can 
attenuate thermal neutrons by approximately 35.48%, 
whereas the thermal neutron attenuation of concrete with 
0.3% of fibers (without sodium borate) is approximately 
57.9%. When sodium borate is added to the concrete, the 
thermal neutron attenuation increased substantially. By 
adding 0.4% sodium borate and 0.3% of 25D fibers, 
thermal neutrons can be attenuated up to 82.16%. This 
result agrees with the expectation because the microscopic 
thermal neutron absorption cross-section of B-10 is much 
higher than that of H-1. Thus, it can be concluded that the 
addition of PETE fibers and sodium borate substantially 
improves thermal neutron attenuation efficiency of 
concrete. 
 
 
 
Fig. 9. Compressive strength of PETE fiber reinforced concrete with and without sodium borate. 
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Fig. 10. Thermal neutron attenuation of concrete reinforced with PETE fibers and sodium borate. 
 
4. Conclusion 
 
Based on the study of the properties of concrete 
reinforced with PETE fibers irradiated with low-dose 
gamma ray, the following conclusions can be established.  
1. The mechanical properties of concretes improved with 
the addition of PETE fibers, especially for the flexural 
strength and toughness. In general, reinforcement of 
25D fibers resulted in a higher compressive strength, 
flexural strength, and toughness than 1.3D fibers.  
2. According to the results of mechanical properties and 
thermal neutron attenuation, the optimal volume 
fractions of PETE fibers for developing the neutron 
shielding fiber reinforce concrete are 0.2% and 0.3% 
since they give the compromising results between 
mechanical properties and thermal neutron radiation 
shields. 
3. Increasing sodium borate content resulted in 
decreasing compressive strength of the concretes; 
however, reinforcement with both sodium borate and 
PETE resulted in better thermal neutron attenuation, 
which was significantly higher than reinforcement with 
only PETE. Thus, the produced concrete materials can 
be utilized to absorb low-energy neutrons, although 
the materials should not bear substantial loads as the 
addition of sodium borate powder reduced the 
compressive strength. 
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